BACKGROUND: Dynamic variables predict fluid responsiveness and may improve fluid management during surgery. We investigated whether displaying the variability in the pulse oximeter plethysmogram (pleth variability index; PVI) would guide intraoperative fluid management and improve circulation as assessed by lactate levels. METHODS: Eighty-two patients scheduled for major abdominal surgery were randomized into 2 groups to compare intraoperative PVI-directed fluid management (PVI group) versus standard care (control group). After the induction of general anesthesia, the PVI group received a 500-mL crystalloid bolus and a crystalloid infusion of 2 mL ⅐ kg Ϫ1 ⅐ h Ϫ1 . Colloids of 250 mL were administered if the PVI was Ͼ13%. Vasoactive drug support was given to maintain the mean arterial blood pressure above 65 mm Hg. In the control group, an infusion of 500 mL of crystalloids was followed by fluid management on the basis of fluid challenges and their effects on mean arterial blood and central venous pressure. Perioperative lactate levels, hemodynamic data, and postoperative complications were recorded prospectively. RESULTS: Intraoperative crystalloids and total volume infused were significantly lower in the goal-directed PVI group. Lactate levels were significantly lower in the PVI group during surgery and 48 hours after surgery (P Ͻ 0.05). CONCLUSIONS: PVI-based goal-directed fluid management reduced the volume of intraoperative fluid infused and reduced intraoperative and postoperative lactate levels.
H ypovolemia occurs frequently in the operating room. Its diagnosis remains difficult, but assessment of the adequacy of intravascular volume is of prime importance to maintain cardiac output and thus avoid tissue hypoxia. In 1 meta-analysis the authors observed that perioperative hemodynamic optimization reduced mortality. 1 For many years, cardiac filling pressures were used to guide intravascular volume therapy. This, however, is not a reliable predictor of fluid responsiveness. 2 Dynamic variables (indices evaluating the response to a cyclic preload variation) provide a better prediction of fluid responsiveness. 3 Among these, the arterial pulse pressure variation induced by mechanical ventilation has been demonstrated as one of the best tools to guide volume therapy. 3 Lopes et al. showed an improvement in postoperative outcome after high-risk surgery when the pulse pressure variation was used to guide intraoperative fluid therapy. 4 Natalini et al. and Cannesson et al. demonstrated that respiratory variations in the amplitude of the pulse oximeter plethysmographic waveform and in the pulse pressure both predict fluid responsiveness. [5] [6] [7] [8] Zimmerman et al. showed that pleth variability index (PVI) predicts fluid responsiveness as accurately as does stroke volume variation. 9 Nevertheless, it remains unknown whether the optimization of the plethysmogram variability that occurs intraoperatively improves fluid management and circulation. To investigate this, we used a pulse oximeter to continuously monitor the PVI. 7 We measured the impact of PVI-based goal-directed fluid management on perioperative lactate levels.
METHODS
After approval of the Ethics Committee of St.-Luc Hospital (Brussels, Belgium) (www.clinicaltrials.gov, no. NCT00816153), and after obtaining written informed consent, a pilot study including 20 patients (10 per group) was conducted for the power analysis. Results showed an improvement of 20% of the primary outcome (whole blood lactate levels) with the use of the PVI. A sample size of 37 patients per group was calculated for a 0.05 difference (2-sided) with a power of 80%.
Between May and September 2008, we obtained written informed consent from 86 patients who met the inclusion criteria: older than 18 years and the absence of cardiac arrhythmias, ultrasonographic cardiac ejection fraction Ͻ30%, lung pathology prohibiting mechanical ventilation with tidal volumes larger than 6 mL ⅐ kg Ϫ1 , and kidney dialysis. They were scheduled for esophagectomy, gastric resection/suture, hepatectomy, pancreatectomy, or intestinal and colorectal surgeries. Patients were randomized to either the PVI group or the control group.
Heart rate, arterial blood pressure, oxygen saturation, inhaled gas concentrations, and temperature were measured continuously by a Datex S/5 monitor (Datex Ohmeda ® , GE Healthcare). A Masimo Set version V7.1.1.5 pulse oximeter (Masimo Co., Irvine, California) was placed on the patient's finger for the continuous monitoring of PVI. A 20-G radial arterial catheter and a central venous access catheter were inserted at the end of the induction phase. A thoracic epidural catheter was placed before the induction of the general anesthesia. Anesthesia was induced with propofol 2 to 4 mg ⅐ kg Ϫ1 and atracurium or rocuronium 0.4 to 0.6 mg ⅐ kg Ϫ1 and maintained with sevoflurane or desflurane. The lungs were ventilated with 6 to 8 mL ⅐ kg Ϫ1 of tidal volume, I:E ϭ 1:2. The frequency was set to maintain normocapnia (Paco 2 target ϭ 40 Ϯ 3 mm Hg).
In the PVI group, 500 mL of crystalloids (NaCl 0.9% or P-Lyte ® , Baxter) was infused during induction, followed by a 2 mL ⅐ kg Ϫ1 ⅐ h Ϫ1 continuous infusion. If PVI was higher than 13% for Ͼ5 minutes, we gave a 250-mL bolus of colloid (hydroxyethyl starch 6%, Voluven ® , Fresenius Kabi). The dose was repeated every 5 minutes if PVI was still higher than 13%. Norepinephrine was given as needed to maintain a mean arterial blood pressure Ͼ65 mm Hg.
In the control group, 500 mL of crystalloids was infused during induction, followed by a continuous infusion of crystalloids (4 to 8 mL ⅐ kg Ϫ1 ⅐ h Ϫ1 ). A bolus of colloids was given if acute blood loss of Ͼ50 mL occurred, if the mean arterial blood pressure decreased below 65 mm Hg, or if the central venous pressure decreased below 6 mm Hg. A repeat bolus was given after waiting 5 minutes if any one of the criteria was met. If the mean arterial blood pressure decreased below 65 mm Hg and remained unresponsive to fluids, norepinephrine was given to maintain the mean arterial blood pressure above 65 mm Hg.
Arterial blood samples were taken at the time of skin incision, each hour during surgery and 6, 12, 18, 24, 36, and 48 hours after the end of surgery. The lactate concentration was measured using an ABL 620 analyzer (Radiometer, Copenhagen, Denmark). Serum creatinine concentrations were measured 24 and 48 hours after surgery. The anesthesiologist identified and recorded instances of intraoperative hypotension (systolic blood pressure 20% below the value measured the day before surgery, while the patient was resting quietly for at least 15 minutes) and oliguria (urine output Ͻ0.5 mL ⅐ kg Ϫ1 for Ͼ2 hours).
During the first 30 days after surgery, a blinded postoperative care team member identified, collected, and recorded instances of postoperative infection, pulmonary embolism, acute myocardial infarction, acute lung injury/acute respiratory distress syndrome, pulmonary edema, arrhythmia, stroke, cardiac arrest, coagulopathy (platelets Ͻ100,000 L Ϫ1 , international normalized ratio Ͼ2), hepatic dysfunction, nausea or vomiting necessitating treatment, upper digestive hemorrhage, leakage of anastomosis, and mortality.
Statistical Analysis
Data were analyzed by comparing the patients in the PVI group with those in the control group using a modified intention-to-treat analysis (4 patients were excluded after the randomization for intraoperative arrhythmia or cancellation of the surgery, 2 per group; Fig. 1 Table 1 lists the patients' history and surgery. There were no preoperative differences between the goal-directed fluid management group and the control group. Table 2 shows that during surgery, patients in the PVI-directed fluid management group were given less total fluid and less crystalloid intraoperatively than was the control group. There were no differences postoperatively. Figure 2 shows that lactate levels were lower in the PVI group during and after surgery. There were no statistically significant differences in the incidence of hypotension, cardiovascular rescue, or renal dysfunction. Two patients in the PVI group died from septic shock 20 days and 33 days after surgery because of a failed anastomosis (Table 3 ).
RESULTS

DISCUSSION
We found that PVI-guided fluid management resulted in less crystalloid administered perioperatively and reduced lactate levels during and after major abdominal surgery. Lactate levels provide an indirect but sensitive measure of organ perfusion. Lactate is clearly correlated with the adequacy of intravascular volume, tissue hypoxia, and energy failure due to bloodflow redistribution. 10 Lactate levels can be improved by the optimization of the fluid status and cardiac preload. 2, 4 Our results confirm the conclusion of Lopes et al. The use of the noninvasive PVI, or the invasively obtained pulse pressure variation, improves perioperative fluid management. 4 In Lopes et al.'s study, the average amount of fluids was larger in the group guided by pulse pressure variation, in contrast with our results. The difference in results may be explained by the presence of hypovolemia in some patients and hypervolemia in others. These results therefore argue the superiority of Lactate levels: normal value 0.9 -1.7 mMol ⅐ L Ϫ1 . Oliguria was defined as a urinary output Ͻ0.5 mL ⅐ kg Ϫ1 for more than 2 hours. Data are presented as mean ͓95% confidence interval͔ or number (%). P Ͻ 0.05 was considered as statistically significant (boldface numerical entries).
goal-directed fluid management over simplistic restrictive or liberal approaches for fluid management, avoiding hypovolemia and hypervolemia. 11, 12 Unlike Lopes et al., we did not find an improvement in terms of the number of complications. The much higher incidence of hypovolemia reported by Lopes et al. may account for this difference. The clinical significance of lower lactate levels in our relatively small study may be questioned. Additionally, fluid management in the control group was different by design, favoring greater fluid crystalloid administration (2 mL ⅐ kg Ϫ1 ⅐ h Ϫ1 in the PVI group vs. 4 to 8 mL ⅐ kg Ϫ1 ⅐ h Ϫ1 in the control group), and it was possibly influenced by the fact that the control group had a greater blood loss (440 [242 to 637] mL vs. 349 [230 to 468] mL) (although this was not statistically significant). When mean arterial blood pressure decreased to Ͻ65 mm Hg, the PVI group received norepinephrine, whereas the control group received norepinephirne and a bolus of crystalloid. In our study a "learning contamination bias" may have blunted the differences between the groups. This bias occurs when a team member gains experience with pulse pressure variation and begins, intuitively, to use respiratory variations of the arterial pressure curve to treat patients in the control group. However, small variations are difficult to see without using a device that makes the calculations from the curve.
The PVI was calculated by the new Masimo Set pulse oximeter (Masimo Co., Irvine, California) from the respiratory variations in the perfusion index (PI). The PI is the percentage amplitude difference between the pulsatile infrared signal and the nonpulsatile infrared signal. The PVI is calculated by measuring changes in the PI during the respiratory cycle: PVI ϭ [(PI max Ϫ PI min )/PI max ] ϫ 100. Cannesson et al. have demonstrated that the PVI predicts fluid responsiveness in the operating room. They showed that the cutoff value to distinguish responders from nonresponders to intravascular volume expansion (in terms of an increase of cardiac index) was a PVI Ͼ14%. 7 We confirmed their results in a preliminary study (data not shown) and consequently chose 14% as the threshold for fluid loading.
Whereas the PVI may be useful in most patients, our exclusion criteria limit the application of our results in some patients. To maintain homogeneity between the 2 study groups, we did not include patients with severe cardiac insufficiency (ejection fraction Ͻ30%) or chronic dialysis. Moreover, the dynamic variables must not be calculated in the presence of arrhythmia. One patient per group was excluded because of an intraoperative arrhythmia. Additionally, these results cannot be extrapolated to other devices that calculate the respiratory variation of the plethysmographic curve. The algorithm used to process the signal may explain the poor accuracy observed by others. 13 Moreover, we did not measure the possible impact of the use of epidural analgesia and thoracotomy in some patients.
In conclusion, the use of PVI-guided fluid management was associated with lower lactate levels during major abdominal surgery. Patients in the PVI-guided group were given less crystalloid. Reduced lactate levels in PVI-guided patients suggests that PVI-guided fluid management may lead to fluid administration that is tailored to each individual patient's needs. 
